We present an exoskeleton capable of assisting the human thumb through a large range of motion. 
Introduction
Stroke is a leading cause of serious long-term disability in the USA. Statistics reveal that there are an estimated total of 797,000 strokes per year in the USA, which amounts to an average of one stroke every 40 s (Mozaffarian et al., 2015) . A stroke often affects one side of the body, with persistent impairment of an upper limb (Broeks et al., 1999; Doolittle, 1988) . Another study showed that over 19.9 million people in the USA alone exhibit impaired physical function of the upper body and have difficulty in lifting or grasping (Brault, 2012) . A disability of the upper extremity limits functional independence in activities of daily living and significantly deteriorates the quality of life of the affected individual (Williams et al., 1999) . Rehabilitation using robots could help in providing intensive therapeutic exercises while also allowing for quantitative assessment of the recovery.
The literature shows that for rehabilitation robots, forcecontrol-based strategies can be more effective for recovery of both the upper (Blank et al., 2014; Colombo et al., 2005; Pehlivan et al., 2014) and lower (Cai et al., 2006; Marchal-Crespo and Reinkensmeyer, 2009 ) limbs than pure position-based control (Harwin et al., 1995) . This is because force-control-based strategies allow for safe and comfortable interaction and can be designed to encourage subject involvement. Such a therapy is shown to be more effective than passive motor training, even for a longer duration (Lotze et al., 2003) , and is considered to be essential for provoking motor plasticity (Perez et al., 2004 ).
Position-control-based strategies, however, physically guide the movement of the impaired limb to follow a predefined trajectory without enabling the subject to participate in the task actively (Bernhardt et al., 2005) or allowing for any subject-specific customization of the assistance (Meng et al., 2015) . The guidance hypothesis in motor control research suggests that such a physically guided movement might decrease motor learning for some tasks, due to a reduction in burden (motor output, effort, energy consumption, or attention) on the subject's motor system, which is needed to discover the principles necessary to perform the task successfully (Schmidt and Bjork, 1992) . Furthermore, some hand disabilities (e.g. spasticity) lead to uncertain motion of the digits. This uncertainty requires that appropriate forces are applied on the digits during rehabilitation therapy; simply moving the digits through some predetermined positions can lead to the application of large forces and further harm the hand.
The thumb provides more than 40% of the entire hand function and is given the first priority for replantation (Soucacos, 2001) . Studies in understanding and classifying human hand use in activities of daily living have shown Mechanical Engineering Department, University of Texas at Austin, USA that, apart from the three flexion-extension joints, namely the carpometacarpal (CMC), metacarpophalangeal (MCP), and interphalangeal (IP) joints, thumb abduction-adduction at the CMC joint plays a significant role in accomplishing different types of grasp, including power, tripod, precision, palmar, tip pinch and lateral pinch (Dollar, 2014; Lin et al., 2011) . Thumb opposition, which is vital for normal hand function, is achieved via coordinated flexionextension and abduction-adduction motion at the CMC joint (Li and Tang, 2007) . Furthermore, thumb abductionadduction at the CMC joint has a large range of motion (40) (41) (42) (43) (44) (45) • ) (Cooney et al., 1981; Smutz et al., 1998) . Considering all these factors, we aim for the active rehabilitation of thumb flexion-extension at the CMC, MCP, and IP joints and abduction-adduction at the CMC joint as the design goal for our thumb exoskeleton.
A survey of existing thumb exoskeletons reveals that none of them allow for bidirectional torque control of the thumb joints individually (Table 1) . Active bidirectional support is necessary for thumb joints in a rehabilitation setting for recovering pathological joints. Joint mobilization involves actively assisting the movement of the thumb joints in both directions (Villafañe et al., 2013) . Specifically, we target neuromuscular impairments caused by stroke and spinal cord injury. These impairments often lead to the development of spasticity at the various upper limb joints (shoulder, elbow, and wrist), which causes pain even with passive stretching in a large majority of subjects (Wissel et al., 2010) and limited range of motion in the upper extremity (Beebe and Lang, 2009; Sukal et al., 2007) . This indicates that the device should not significantly constrain the hand in a specific orientation during operation. In addition, individual control of the thumb joints is needed in order to provide therapy to a specific joint in certain thumb pathologies (e.g. spasticity). Furthermore, some studies of robot-assisted motor learning have shown that anatomical breakdown (independent motion of different joints) is more efficacious than complex arm movement for learning new motions (Klein et al., 2012) . Moving each thumb joint individually could result in similar benefits for rehabilitation. This requires a device capable of assisting each thumb joint independently.
Based on the aforementioned considerations, our goal is to design a thumb exoskeleton with the following objectives.
1. The device should allow for accurate and stable bidirectional torque control of each thumb joint individually. 2. The design should be kinematically compatible with the human thumb and allow for flexion-extension motion at the CMC, MCP, and IP joints and abduction-adduction motion at the CMC joint. 3. The design should allow for a large workspace with the thumb. 4. The device should be lightweight and allow free motion of the hand with little movement resistance during operation. The rest of the paper is organized as follows. A detailed survey of existing thumb exoskeletons, along with their limitations, is presented in Section 2. The proposed kinematic mechanism of the thumb exoskeleton (Figure 1 ), the kinematics model, its optimization, and the prototype details are described in Section 3. Details of the torque controller implemented on the exoskeleton joints are presented in Section 4. Section 5 describes various experiments conducted to validate the workspace, kinematic transparency, and torque control of the device with human subjects; the results of these experiments are presented in Section 6. Finally, the paper concludes with a discussion and ideas for future work.
Background
Several thumb exoskeletons have been developed to date for rehabilitation, virtual reality, or teleoperation applications to allow for active actuation of the thumb (Table 1) . For this review, we consider devices (a total of 16) that could actuate the thumb and are published in the literature with some experimental results. We compare the devices based on the following criteria, which are important for a thumb exoskeleton for rehabilitation:
(a) whether the device supports each thumb joint individually (exoskeletal type) or connects to the distal phalanx of the thumb (end-effector type); (b) the number of active degrees of freedom (DOFs) in the device; (c) the type of actuators used; (d) whether the actuators are situated locally or remotely; (e) the type of sensors in the device; (f) the weight of the device; (g) which physical quantities can be controlled using the device; (h) the peak achievable force, pressure, or torque acting on the device.
Exoskeletal devices enable control of the position or torque applied at each joint explicitly, while end-effector type devices can only control the position or force at the distal phalanx. The number of active DOFs in a device determines the variety and complexity of the assisted motions that it can support. Individual assistance of the thumb joints is important in providing targeted therapy to specific joints, which may be necessary for certain thumb pathologies (e.g. spasticity). Ensuring natural coordinated motion at pathological thumb joints necessitates that the device be exoskeletal type with each DOF actuated individually. The type of actuator and its placement determine whether the device is bulky or light and, therefore, whether it will permit free movement of the hand while in operation. This is important for certain hand pathologies where the upper extremity cannot be oriented in certain manners. The types of sensor on the device determine what physical quantities the device can control. The weight of the device determines how easy or cumbersome it is to use. The controller on the device governs what physical quantities (position or force) the device can control, which in turn decides what robotic rehabilitation control paradigms (e.g. force-field control or assist-as-needed control (Marchal-Crespo and Reinkensmeyer, 2009 )) the device is capable of rendering. Finally, the peak achievable forces or torques determine for what kind of impairments the device can be used. A limitation of the exoskeletons developed for virtual reality applications is that they only enable the application of unidirectional forces on the thumb. Rehabilitation exoskeletons are, however, required to apply bidirectional forces on the thumb due to the nature of the impairment. A comparison of the weight of the proposed thumb exoskeleton with existing exoskeletons shows that it has the least weight for the number of DOFs it offers. The weight per DOF for our device is about 34 g, which includes the weight of the exoskeleton-hand interface (Table 1) .
Five main types of actuation mechanisms have been used for thumb exoskeletons:
(a) linkage-based actuation with a locally situated motor (Fontana et al., 2013; Garcia-Hernandez et al., 2014; Lambercy et al., 2013; Leonardis et al., 2015; Schabowsky et al., 2010; Ueki et al., 2012) ; (b) tendon-based actuation with a locally situated motor (Avizzano et al., 2000; Hasegawa et al., 2008) ; (c) cable and sheath transmission with remotely located motor (Aiple and Schiele, 2013; Cempini et al., 2015; DeSouza et al., 2014; Li et al., 2011; Sarakoglou et al., 2004) ; (d) flexible shaft transmission with remotely located motor (Wang et al., 2011) ; (e) pneumatic actuation (Bouzit et al., 2002; Takagi et al., 2009 ).
None of these mechanisms allows for accurate and stable torque control of the thumb joints individually. Furthermore, these mechanisms have poor back-drivability and result in a large reflected inertia. In addition, the transmission and actuator gearings in some of these mechanisms suffer from nonlinear friction and stiction, making it difficult to accurately control actuator torque or force. The actuator mechanism of our thumb exoskeleton lies in category (c), so we discuss the designs in that category in more detail. A commercially available system, CyberGrasp (Aiple and Schiele, 2013; Bouzit et al., 2002) , supports only one DOF motion of the thumb, controls a unidirectional phalanx force using motor current and cannot be used to control the position or forces of the thumb phalanges individually. The iHandRehab system (Li et al., 2011) is another hand exoskeleton with a thumb module that supports four DOFs of the thumb. However, experiments with this device revealed that significant friction (percentage of friction torque accounting for the driving torque is up to 95%) is present in the transmission. In addition, no control experiments were presented with this device. DeSouza et al. (2014) introduced a two-DOFs thumb exoskeleton, called IOTA (Isolated Orthosis for Thumb Actuation), for unidirectional actuation of the thumb. However, this device was only designed to control the positions of the joints. The HX device is another hand exoskeleton with a two-DOFs thumb module (Cempini et al., 2015) . However, the flexionextension motion at the MCP and IP joints is underactuated in this design and the device is designed to be positioncontrolled. Also, so far, Cempini et al. (2015) have only presented the design of the thumb module. Recently, Jo and Bae (2015) designed a hand exoskeleton with a thumb module utilizing a linear series elastic actuator (SEA) to control the grip force. However, this design has only one DOF for the thumb with no allowable abduction-adduction motion at the CMC joint. Also, Jo and Bae (2015) have presented only the results of preliminary test of the SEA; to our knowledge, no experiments with human subjects have been conducted with the device so far.
Design
In this section, we present the underlying mechanism of the proposed design, the kinematics of the coupled thumb exoskeleton system, kinematic optimization carried out to improve the range of motion of the design, details of the actuation mechanism for torque control, and, finally, the developed prototype. There is also a commercially available hand exoskeleton system, Festo ExoHand, with a thumb module having two degrees of freedom. However, limited published information is available on the device. Regardless, it cannot control the flexion-extension motion at the carpometacarpal, metacarpophalangeal, and interphalangeal joints independently.
b Actuation indicates whether the actuator was located at the joint (local) or remotely (remote) and the transmission mechanism.
c Missing control indicates that only mechanical design has been presented so far. 
Mechanism
The human thumb consists primarily of four DOFs, namely, carpometacarpal flexion-extension (CMC FE), carpometacarpal abduction-adduction (CMC AA), metacarpophalangeal flexion-extension (MCP FE), and interphalangeal flexion-extension (IP FE). The mechanism for the thumb exoskeleton consists of three closed-loop chains to actuate these four DOFs while avoiding the exoskeleton-human joint axis misalignment problem ( Figure 2 ). The CMC chain consists of four revolute joints and one prismatic joint, forming a closed-loop chain with the thumb carpometacarpal bone, allowing for two DOFs in the chain. The use of a sliding joint as the interaction interface between the exoskeleton and the thumb ensures that only normal forces are applied on the phalanx. One of the revolute joints enables thumb abduction-adduction motion. Both the MCP and IP chains consist of four revolute joints; these provide one DOF to each chain.
Kinematics
As a first step, we model the kinematic relationship between the actuated exoskeleton joint angles, and the thumb and passive exoskeleton joint angles. The kinematics of the thumb have been modeled in the past using intersecting or nonintersecting, orthogonal or nonorthogonal axes at the CMC joint (see, e.g. Bianchi et al., 2013; Chang and Pollard, 2008; Gabiccini et al., 2013) . For our analysis, we assume that the exoskeleton and thumb abductionadduction axes are instantaneously parallel to each other at each flexion angle, to avoid overconstraining the system, and that the two axes are orthogonal. Regardless, the kinematics of the device does not overconstrain the abductionadduction motion of the thumb and it is difficult to capture the complex nature of the CMC joint in the coupled thumb exoskeleton model. To determine the kinematic relationships of the CMC, MCP, and IP chains, each of the chains is considered as a four-bar mechanism. We analyzed the thumb and exoskeleton as a planar system for each CMC abduction-adduction angle. This is a reasonable assumption for our purposes; moreover, the kinematic parameters (e.g. location and orientation of the CMC FE and CMC AA axes, orientation of the exoskeleton links with respect to the thumb joints) necessary for a three-dimensional analysis are almost impossible to measure in a subject.
For the CMC chain, since the motion at the CMC abduction-adduction joint is out of plane, an equivalent four-bar mechanism is realized that takes into account the changing length of the link AC due to abduction-adduction motion. The loop closure equation for the proximal (CMC) chain of the thumb exoskeleton (Figure 2 ) is then given by
where l AC ( θ 2 ) is the effective length of the link AC in the CMC four-bar chain, which is a function of the CMC AA angle (θ 2 ); l CE is the length of line segment CE; r 4 represents the sliding length in the CMC chain at a given configuration; θ and θ r represent the absolute and relative joint angles between the links participating in a joint, respectively; ( x G , y G ) represent the coordinates of the human CMC FE joint (point G) in the coordinate frame located at the exoskeleton joint at A. The loop closure equations for the middle (MCP) and distal (IP) chains are expressed in a similar way. The forward kinematics deals with evaluation of the thumb CMC, MCP, and IP joint angles (θ 5 , θ 9 , θ 13 ) and the exoskeleton passive joint displacements (r 4 , θ 6 , θ 10 ) given the exoskeleton relative joint angles (θ 1r , θ 7r , θ 11r ). The relative joint angle is the angle measured by the angle sensor mounted at the joint. The kinematics of the system are solved using the standard four-bar kinematics solution (Norton, 1999) 
Kinematics optimization
A thumb exoskeleton that allows for a large range of motion for different hand sizes could serve a variety of target populations with minimal customization. Moreover, a design that results in increased mechanical advantage from the exoskeleton joint to the human joint would reduce the torque requirement at the exoskeleton joint and thus help in reducing the size of the exoskeleton pulley and Bowden cable. To this end, our goal is to maximize the range of motion and mechanical advantage by choosing appropriate values for the kinematic parameters (link lengths and location of exoskeleton CMC FE joint) of the design. We also consider two different hand sizes (thin and thick) to understand the effect of design parameters on the two objectives for different hand sizes. We focus on the CMC chain of the exoskeleton, as several feasible solutions could easily be obtained for the MCP and IP chains without explicitly setting up an optimization study. To determine the mechanical advantage for CMC flexion-extension motion, we take the differential of the kinematic equation of the CMC chain (1) and solve for δθ 1 and δr 4 , resulting in
The mechanical advantage in flexion-extension at the CMC joint is then evaluated as η = δθ 1 /δθ 5 . An optimization analysis is set up to maximize the range of motion at the CMC chain while also maximizing the mechanical advantage (equation (4)). Also, since the CMC joint has a higher extension range of motion than flexion, we constrained the lower and upper limits of the angle
where θ 5,max and θ 5,min refer to the maximum and minimum CMC flexion angles, respectively; θ 5,u and θ 5,l are the upper and lower limits, respectively, of θ 5 that a feasible solution must achieve; r 4,u and r 4,l are the upper and lower bounds, respectively, of r 4 that a feasible solution must satisfy; and P = x G y G l AC l CD T are the design variables to be determined that satisfy the optimization criteria. Note that (x G , y G ) is used as a design variable since a change in the location of the coordinate frame at point A changes the coordinates of point G (Figure 2 ). Since equation (4) is a multi-objective optimization problem with nonlinear objective functions, we used parametric analysis to determine the best feasible solution for the problem. We varied the design variables throughout the design space and evaluated the range of motion and mechanical advantage for small and large hand sizes for each design configuration. The baseline subject was chosen based on the thumb size closest to the 50th percentile of the British adult male population, for ages between 19 and 65 years (Smith, 2008) and the subject with a thicker thumb was chosen based on the thumb size closest to the 95th percentile of the same population. We considered a set of six values for each variable, which resulted in a total of (6 × 6 × 6 × 6 =) 1296 models, which were created and compared for the optimum solution. We favored solutions that resulted in a larger range of motion. For solutions that resulted in the same range of motion, we chose those that maintained the range of motion across all hand sizes. The four parameters were varied in the ranges (Figure 3) . The results showed that solutions with higher ranges of motion tend to have lower mechanical advantages. For example, the solutions with ranges of motion of 43
• and 44
• have maximum mechanical advantages of 0.83 and 0.67, respectively. For all the solutions, the ranges of motion reduces as the CMC abduction-adduction angle increases. For example, the ranges of motion reduced from 43
• to 41
• and from 35
• to 34
• for the no-abduction full-abduction positions with thinner and thicker hands, respectively, for one solution. However, the CMC flexion-extension range of motion of the human thumb also decreases as the CMC abduction-adduction angle increases. In addition, the range of motion is adversely affected as the size (thickness) of the metacarpal bone increases while keeping the available sliding length constant. Furthermore, solutions that are better in terms of range of motion are also more robust to changes in thumb thickness variation. For example, the range of motion changes from 44
• and 43
• to 36
• and 35
• , respectively, for thinner to thicker hands. The results also showed that the range of motion in the CMC chain is particularly sensitive to l CD . Smaller values of l CD resulted in larger ranges of motion for hands of different thicknesses in both unabducted and abducted positions. We chose the solution that maximized the range of motion over the one that maximized mechanical advantage, as reduced range of motion limits functionality whereas reduced mechanical advantage merely increases the forces and torques acting on the system by a small magnitude. The final parameter values of x G = 0.0392, y G = −0.065, l AC = 0.10, and l CD = 0.0225 resulted in the maximum range of motion of 44
• and a mechanical advantage varying from 0.32 to 0.72 for the corresponding range of motion.
Actuation
Miniature SEAs based on Bowden cables are used to control the torque of each exoskeleton joint. These actuators are highly back-drivable with low reflected inertia and a weight of around 30 g each . Each actuated joint consists of a pulley with a cable attached to the circumference of the pulley. The Bowden cable consists of a metal sheath with a stainless steel wire rope to allow for transmission of the required mechanical power to the device. For each end of the Bowden cable connected to the joint pulley, there is a compression spring attached to the Bowden cable sheath. Introduction of the series elastic element in the transmission mechanism provides a means of accurately estimating the cable tension from joint displacement measurements obtained using the joint angle sensor and the motor encoder. Since the elastic element is located at the exoskeleton end, the significant friction losses that exist in the Bowden cable do not affect the torque estimates. We used brushed DC motors (20 W with a stall torque of 0.2 Nm) from Maxon, Inc. with a planetary gearhead of 111:1 reduction ratio as the actuators for our SEAs.
We carried out a thorough validation of the performance of the Bowden-cable-based SEAs including accuracy and fidelity of torque tracking, torque bandwidth, performance at different peak torques, performance under disturbance, dynamic range, and performance during interaction on a test rig using a six-axis load cell. For torque tracking performance, the estimated torque is compared with the measured torque to validate the accuracy and fidelity of torque tracking. The torque bandwidth of the SEA was evaluated using a linear chirp signal as the desired torque for the system. We evaluated the magnitude of the frequency response of the SEAs using the measured torque data by taking the fast Fourier transform of the commanded and measured torque, which provides an amplitude spectrum of the system input and output. The magnitude of the frequency response was evaluated as the ratio of the amplitude of the output to the input in the frequency domain.
Experiments show that the root mean square error for torque tracking at 0.5 Hz is 0.023 Nm (4.6% of peak torque) (Figures 4(a) and (b) ). Furthermore, the measured joint torque to spring deflection variation is linear (Figure 4(c) ).
Performance characterization of the SEA shows that the actuator has adequate torque source quality (root mean square error<10% of peak torque) with high fidelity (>97% at 0.5 Hz torque, sinusoidal), force tracking bandwidth of 10 Hz (at 0.5 Nm peak torque) and peak torques of 0.7 Nm. Further details of different types of experiments conducted to validate the performance of the SEAs will be described elsewhere. These specifications satisfy the torque requirement (0.3 Nm maximum) for hand rehabilitation, as measured by experienced therapists through a torque measuring device (Ueki et al., 2012) . In addition, the torque bandwidth of the human force compliance control loop of 1-2 Hz (Chan and Childress, 1990; Sheridan and Ferrell, 1974 ) is met by the actuator.
Prototype
The optimized kinematic mechanism of the thumb exoskeleton is realized in the form of a prototype ( Figure 5 ). The SEAs are implemented at the four actuated joints of the exoskeleton. At the CMC joint, the SEAs are implemented for both the flexion-extension and the abduction-adduction joint. This is achieved by mounting the SEA of the CMC AA joint to the output of the SEA of the CMC FE joint. The SEA is small enough (44 mm × 35 mm × 17 mm) that this is possible. Each joint has bearings to reduce friction at the joints. Each link is adjustable to allow for quick customization of the device for a specific subject. We use a magneto-resistive angle sensor (KMA210, NXP Semiconductors) with a diametrically magnetized ring magnet to measure the exoskeleton joint angles (enclosed in casings). Owing to the close proximity of the CMC FE and CMC AA joint axes, there is a possibility of interference in the measurements. To avoid this, we use a sliding-contact-type miniature rotary potentiometer to sense the joint angle at the CMC AA joint.
The thumb exoskeleton chain is mounted on a hand base with an adjustable mount that enables the angular and linear positions of the chain to be adjusted to accommodate different hand sizes. The sensor wires are routed internally to ensure a clear and robust design. The various parts of the exoskeleton are manufactured using selective laser sintering (Wikipedia, 2016) to keep the overall design light in weight. Some of the load-bearing parts (e.g. SEA pulleys, adjustable mount) are machined from metal (6061-T6 aluminum) to ensure durability of the device. The weight of the nonwearable parts, which includes the motors and their drivers, pulleys, cable tensioning mechanism, and the metal frame, is 4.6 kg. In the current stage of development, we focused on making the nonwearable parts highly modular but we have not focused on optimizing the design of these parts for weight.
A challenge in thumb exoskeleton design has been to apply bidirectional forces on the thumb metacarpal. This is because it is difficult to hold on to the metacarpal bone of the thumb as there is no circumferential access to it and the muscle bellies of the thenar eminence change in shape as the thumb moves around. We designed an ergonomic wire form structure with galvanized steel wire to address this issue. The structure has a ring around the MCP joint with four protruding legs placed so as to produce minimal interference with any deformation of the muscles. The structure rests closely against the metacarpal, cages the metacarpal bone, and provides stability to transfer and distribute the forces applied by the exoskeleton on the metacarpal. The slider in the CMC chain is attached to the wireform structure with an adjustable mount to allow for the transmission of the forces from the exoskeleton to the metacarpal. The structure is kept in place with the help of an elastic band (not shown in figure) , which prevents it from slipping forward when the forces are applied. This wireform design is a lightweight and comfortable solution to the challenging problem of exoskeleton attachment to the thumb.
Controls
A torque controller was implemented to track the desired torque trajectories at the exoskeleton SEA joints (Figure 6 ). The output of the system is the torque (ŷ) generated at the exoskeleton joints through the SEA, as estimated usinĝ where
, and k j,ip represent the magnitude of the effective stiffness at the exoskeleton CMC FE, CMC AA, MCP, and IP joints, respectively, and θ m,cmc,fe , θ m,cmc,aa , θ m,mcp , and θ m,ip are the CMC FE, CMC AA, MCP, and IP motor angles, respectively. The feed-forward proportionalintegral-derivative controller is then given by
where e is the vector containing exoskeleton joint torque errors, y d is the vector containing the desired torque at the two exoskeleton joints, and u is the control input vector (desired motor position) for the four exoskeleton joints. K p , K d , and K i represent the diagonal gain matrices for the proportional-integral-derivative controller.
Experimentation
To examine the effectiveness of the thumb exoskeleton in achieving our design goals, we conducted experiments with the prototype to assess (i) the workspace of the thumb with and without the exoskeleton, (ii) the kinematic transparency of the device to understand how the natural motion of the thumb is affected by the device, and (iii) the torque control of the device. Four healthy subjects (three men and one woman, aged 20-33 years), with no history of any neuromuscular injury, voluntarily participated in the experiments after providing informed consent. The anthropometric measurements of the thumbs of the four subjects are presented in Table 2 . The study was approved by the institutional review board of The University of Texas at Austin. For the workspace and kinematic transparency experiments, motion capture data were recorded using an active marker motion capture system (PhaseSpace Inc.) at 480 Hz similar to the one used by Bianchi et al. (2013) and Gabiccini et al. (2013) . Markers can be placed on the joints (Cerveri et al., 2007; Choi, 2008; Metcalf et al., 2008; Zhang et al., 2003) or between the joints (Chang and Pollard, 2008; Miyata et al., 2004) . The location of the motion capture markers in our study was chosen to ensure minimal interference with the exoskeleton attachment interface (Figure 7 ) and maintain similar experimental conditions without and with the device. Three markers were placed on the wrist to establish a coordinate frame to account for any movement of the hand. The remaining four markers were placed at each of the three joints and the tip of the thumb. The subject's hand was supported to ensure minimal motion at the wrist joint. Since, these experiments were intended only to characterize the kinematics of device, the Bowden-cable-based SEAs were not connected.
Workspace analysis
To quantify the volume of the workspace of the thumb with the human subjects, we carried out experiments using the motion capture system. We asked the subjects to move their thumb to reach full achievable range of motion at each joint. To capture the curvature of the workspace boundary accurately, several repetitions of the motion were performed. These experiments were carried out both without and with the exoskeleton. The collected data were then processed to correct for any overall hand movement using the three ground markers on the wrist. A convex hull was fitted to the data for markers 4, 5, 6, and 7 and was used to measure the volume of the region that the thumb was able to reach. The percentage volume of the workspace of the thumb with the exoskeleton with respect to without it (given in equation (7)) gives a measure of the volumetric range of motion preserved with the exoskeleton
Kinematic transparency
Kinematic transparency tests were conducted to quantify the similarity of the motion without and with the thumb exoskeleton. We used the following protocol for the kinematic transparency experiments. The motion capture markers were placed on the thumb and the subjects were asked to perform four different motions at four different speeds:
(a) CMC, MCP, and IP joint articulation through the full active range of motion in flexion and extension, while maintaining the abduction-adduction angle at the CMC joint; (b) full active range of abduction-adduction motion at the CMC joint while maintaining the position of the other joint angles; (c) full active range of flexion-extension and abductionadduction motion in a circular pattern at the CMC joint; (d) full active range of flexion-extension motion at the MCP and IP joint while maintaining the position of the other joints.
The rationale behind choosing motion (a) rather than isolated motion at the CMC joint was that it was difficult for the subjects to achieve the full active range of motion without flexing the MCP joint. The subjects were asked to wear the device and the link lengths were adjusted to ensure that the subjects could achieve their full active range of motion with the device. Care was taken to ensure that the motion capture markers did not move while wearing the device. Enough time was provided to allow the subject to become comfortable with the device and practice each motion. The subjects were then asked to perform the same motions with the exoskeleton. The current paradigm of stroke rehabilitation to improve hand function is focused on high-intensity, repetitive, and task-specific training. However, there is no widely accepted protocol for hand rehabilitation after stroke, and the treatment varies in duration, intensity, and frequency (Sale et al., 2012) . Rehabilitation exercises for the finger are typically carried out at angular velocities of 50 • /s, i.e. full range of motion frequencies of 0.5 Hz (Adamovich et al., 2005; Kawasaki et al., 2006) . To validate the performance of the device at different frequencies, the experiments were conducted at four different speeds, 0.25 Hz, 0.5 Hz, 0.75 Hz, and 1 Hz. An audio cue, with a metronome, was provided to help the subjects maintain the required finger frequency. The motion capture data were resampled at 1/10 frequency (48 Hz).
The motion capture data were processed to evaluate the angle of each phalanx with respect to the ground reference frame established using the markers placed on the wrist. The orientation of the ground reference frame was first calculated using Gram-Schmidt orthonormalization (Cheney and Kincaid, 2009) as
where p i is the three-dimensional position of the ith marker in the reference frame of the motion capture system, e x , e y , and e z refer to the unit vectors in the ground reference frame along the x-, y-, and z-axes, respectively, and u x and u y are the vectors evaluated to calculate the unit vectors. The rotation angles of the metacarpal phalanx in three dimensions were calculated with respect to the evaluated reference frame using direction cosines, as given in equation (9). Similarly the angles for the middle and distal phalanges were calculated using their respective markers. 
Torque control
Torque control experiments were carried out to confirm that the device could track a desired torque trajectory using the controller proposed in Section 4. The same four subjects participated in these experiments. In the first phase of these experiments, the subjects were asked to avoid any voluntary contraction of the muscle and let the exoskeleton actively move their thumbs around. In the second phase, the subjects were asked to block the motion to validate whether the device still tracked the desired torque trajectory. We used a mean and phase-shifted sinusoidal trajectory as the desired torque trajectory at each joint of the thumb exoskeleton, as
where S( t) is the sigmoid function, which is multiplied to gradually increase the torque levels from zero to their respective values to ensure that any phase and amplitude relationship between the thumb torques can be achieved.
Results

Workspace analysis
Results showed that the exoskeleton is able to retain around 85.59% workspace on average (Table 3 ). In addition, some variability was observed in the percentage of reachable workspace from subject to subject. This variability might result from the significant natural variation that exists in thumb anatomy, which has been shown to support the idea of nonexistence of a single generic biomechanical model that can represent the entire population (Santos and ValeroCuevas, 2006) . A comparison of the workspace in the xy-, yz-, and xz-planes without and with the exoskeleton for Subject III shows that the major portion of the workspace can be reached with the exoskeleton (Figure 8 ).
Kinematic transparency
A comparison of the thumb phalanx angles in three dimensions without and with the exoskeleton was carried out for the different motions. The Pearsons product moment correlation coefficient averaged over three repetitions was calculated to quantify the degree of similarity between the angle trajectories without and with the exoskeleton. Correlation was used as a measure of transparency instead of root mean square error, as it is difficult for a subject to replicate exactly the same motion consistently with or without the device. 
Results for motion (a) at 0.25 Hz showed that most of the thumb phalanx angle trajectories without and with the exoskeleton (Figure 9 ) were strongly correlated (Table 4) for the two phalanges and metacarpal of the thumb. Some deviation was observed in the trajectory of the angles about the z-axis for the phalanges. However, the range of motion about the z-axis was relatively small, compared with the other two axes. Results for motion (b) at 0.5 Hz also showed that the two sets of angle trajectories ( Figure 10 ) were strongly correlated (Table 4 ). The range of motion at the CMC joint was relatively smaller with the exoskeleton than without it. This is because the wireform structure and the hook-and-loop fastener strap to hold the exoskeleton base on the hand occupy some space, which reduces the effective range. However, the nature of the motion was preserved, showing that the exoskeleton did not adversely affect the motion. The two sets of angle trajectories ( Figure 11 ) were also strongly correlated (Table 4) for motion (c) at 0.75 Hz. The peaks of the motion with the exoskeleton plateaued for some of the trajectories. Also, some deviation was observed in the metacarpal trajectory about the z-axis and in the proximal and distal phalanges about the y-and z-axes for this motion. Finally, trajectories for motion (d) at 1 Hz also showed significant correlation (Table 4) . Since, this motion involved only moving the MCP and IP joints in flexionextension, little motion was observed at the CMC joint both without and with the exoskeleton (Figures 12(a) and 12(b) ). This shows that the subject was able to move the MCP and IP joints with minimal motion at the CMC joint both without and with the exoskeleton. Some deviation was observed for the distal phalanx joint angle about the z-axis for this motion. It was also observed that it took slightly longer for the subject to complete the motion with the exoskeleton than without it, especially at higher frequencies. However, the nature of the trajectories was not significantly affected as the speed of motion increased, showing that the device does not alter the coordinated motion of the phalanges even at higher speeds. Similar results were obtained for the other subjects. Thus, these experiments demonstrate that, overall, the device preserves the natural motion of the thumb.
Torque control
Results from the first phase of the experiments showed that the joint torque controller could track the desired torque at the thumb exoskeleton joints with a root mean square error of 4.16% (0.0151 Nm), 13.07% (0.0294 Nm), 6.6% (0.0132 Nm) and 10.53% (0.0084 Nm) at the CMC FE, CMC AA, MCP, and IP joints, respectively ( Figure 13) . A relatively noisier torque output was observed at the CMC AA joint because a sliding-contact-type potentiometer was used at that joint for joint angle sensing (Section 3.5). Furthermore, the torque at each joint increased gradually as expected, owing to the sigmoid function (equation (10)). The torque envelope and mean torque required to move the four thumb joints were also determined for the four subjects ( Figure 14) .
Results from the second phase of the experiment showed that even when significant external disturbances were applied at the exoskeleton joints, which resulted in considerable changes in the exoskeleton joint angles (Figures  15(a) and 16(a) ), the controller could maintain the desired torque level (Figures 15(b) and 16(b) ). Thus, the device can perform torque control irrespective of the impedance of the external environment with which the exoskeleton is interacting.
Discussion
We carried out systematic design, control, and thorough experimental testing of a thumb exoskeleton. The novel thumb exoskeleton with Bowden-cable-based SEAs accomplishes the stated design objectives of accurate and stable bidirectional torque control of each thumb joint individually, kinematically compatible motion at the four thumb joints, a large workspace with the thumb and low weight, with the ability for free movement of the hand during device operation. Experiments with four human subjects showed that the device is capable of bidirectional torque control at each thumb joint individually. Kinematic transparency tests showed that the device is compatible with the natural motion at the four thumb joints. Experiments for evaluation of the workspace showed that the device provides a large workspace with the thumb (retains on average 85% of the thumb workspace). Finally, the Bowden-cable-based actuation mechanism with the use of selective laser sintering for manufacturing the prototype makes the design light in weight (≈136 g), while allowing free motion of the hand with minimal resistance.
A few limitations were observed during testing. During the kinematic transparency tests, even though the subjects were asked to keep their wrist joints stationary, some observable motion was present, especially for motions involving the CMC joint, as it was difficult for subjects to limit motion absolutely at the wrist joint in a timed trial. Any movement of the wrist joint would increase the range of motion, as the ground coordinate frame is determined using the markers on the wrist. This motion was more constrained with the exoskeleton than without, as an elastic band was wrapped around the wrist to keep the wireform structure in place. This might also have contributed to the slight reduction in the joint angles at the various joints during these experiments. The reduced range of motion with the exoskeleton in some regions was also partly due to the attachment interface connecting the exoskeleton to the thumb. While the wireform structure provides a good way to transfer forces to the thumb metacarpal, it restricts the motion at the CMC joint toward the palm to some extent. The hook-and-loop fastener straps at the middle and distal phalanx are close to each other and, therefore, reduce the range of motion at the distal joint. Moreover, the fastener strap that connects the exoskeleton base to the hand reduces the abduction-adduction range of motion to some extent. However, these effects are unavoidable.
Another limitation of the study is that only workspace is used as a measure of the range of motion with the device, as opposed to individual thumb joint range of motion. Measuring the range of motion accurately at the individual thumb joint when the device is donned is challenging, owing to the three-dimensional nature of the movement, nonorthogonal axes, and uncertain location of the joint center of rotation. Estimation of the individual thumb joint angles first requires estimation of the subject-specific parameters of the three-dimensional thumb exoskeleton model in vivo. Estimation of the thumb CMC joint parameters using a motion capture system has shown a large variability in the estimated parameters (Chang and Pollard, 2008) . This might be because of the nonlinear nature of the underlying objective function being optimized to obtain these unknown parameters. Furthermore, the problem becomes significantly more challenging when using our exoskeleton, owing to frequent occlusion of the motion capture markers and large deformations of the flesh on the palmar side, if markers are placed on that side. Thus, we used the gross volume of the overall movement as a measure of the achievable workspace with the exoskeleton and compared it with the workspace volume without the exoskeleton. Furthermore, a limitation of using a convex hull to measure the volume of the workspace is that it requires large amounts of motion capture data to capture the volume of the workspace accurately.
The torque control experiments showed that the device could control the torque even under significant external disturbance. Some reduction in the range of motion was also observed, owing to the deformation of the flesh over the metacarpal on the palmar side with the application of force on the wireform structure. The variation in torque between the subjects partly resulted from inherent differences in the requirement of torque for their thumbs and partly because the device was fitted to their hand at slightly shifted locations based on their hand contours. The device could also be driven in position control mode. We have implemented impedance control on the finger modules developed using similar Bowden-cable-based SEAs, which allowed us to render both low and high stiffness on the device and which is capable of tracking a trajectory in the high stiffness mode (Agarwal and Deshpande, 2015) . In addition, our design allows for quick replacement of the compression springs of the SEAs without disconnecting the cables for further subject-specific customization.
All subjects reported that the device is light in weight and does not constraint their hand orientation. The subjects also reported that the low weight of the device makes it highly wearable and that it could be used for a long duration. Some subjects reported that the donning time of the device was long because of the number of fastener straps. One of the areas that still needs improvement before the device could be used in a clinical setting is the interface of the device with the hand. The current interface (especially the wireform structure) requires some subject-specific customization before it fits the hand of a subject at its natural position. In addition, we plan to improve the wearability of the device by attaching it to a glove that could help in quick donning and doffing of the device. Overall, the subjects reported that the interaction with the device felt comfortable and that it was effective in exercising their thumb.
In future, we plan to develop more advanced controllers (e.g. force-field control, assist-as-needed control) for the device to allow for more efficacious therapy regimens. One of the limitations of basic torque control over other advanced control paradigms is that it requires the torque required at each of the actuated joints to be specified explicitly for every subject. Some of the advanced controllers learn a subject-specific model of the coupled limbexoskeleton system and automatically provide the required assistance to improve position-based tracking. However, the basis of these advanced controllers is torque control, which is therefore essential for their implementation. We plan to carry out experiments with a hand exoskeleton that assists the index and middle fingers and the thumb in the future. We also plan to carry out human subject studies with individuals who exhibit thumb pathologies to evaluate the efficacy of the device.
